The baseline Spallation Neutron Source (SNS) accelerator will provide a 1-GeV, 1.4-MW proton beam to a mercury target for the production of neutrons. The main acceleration for the H-beam is provided by 81 superconducting cavities installed in 23 cryomodules operating at 805 MHz. The design of the superconducting linac includes a 2.1-K, 2.5-kW cryogenic plant to maintain the cavities below the helium lambda point for efficient operation at high accelerating gradients. In this paper operating conditions are analyzed rather than the design ones, which still guarantees a high gradient operation without any temperature constraint. From the analysis it appears that the SNS superconducting linac can be operated at temperatures higher than 2.1 K, a fact resulting from both the pulsed nature of the superconducting cavities, the specific configuration of the existing cryogenic plant, and the operating frequency. General conditions are also given regarding the operation of pulsed superconducting cavities resonating at different frequencies.
I. INTRODUCTION
Eighty-one superconducting elliptical cavities built out of 4-mm thick niobium sheet provide acceleration to the Hion beam from 187 MeV to about 1 GeV in the Spallation Neutron Source (SNS) linac [1] . The cavities belong to two separate groups: 33 medium beta cavities (optimally matched to particles traveling at 0:61) and 48 high beta ( 0:81) cavities in 11 and 12 cryomodules, respectively. The cryomodules and all the components within them were designed, later processed, and assembled at Thomas Jefferson National Laboratory. Together with the cavities and cryomodules, the cryogenic plant and helium distribution system were also designed at JLab and installed at SNS [2, 3] . The design operating temperature of the system is 2.1 K, just below the helium superfluid transition at 2.17 K, the lambda point. The choice of temperature guaranteed that the BCS surface resistance at 805 MHz would be equivalent to standard accepted values of the residual resistance; that the radio-frequency (RF) surface dissipations would be comparable to the load into the cryogenic system induced by field-emission currents; and that heat generated by RF and field emissions would be efficiently removed by the superfluid helium.
Because of unforeseen circumstances, the availability of the cryogenic plant's subatmospheric system was delayed past the installation of most of the cryomodules. The necessity arose for testing cavities and cryomodules in the SNS tunnel as soon as it was possible, in order to determine their acceptable functional characteristics. Without the subatmospheric helium system operating, it was decided to initiate testing of the systems at 4.2 K, with tests to be later completed and validated once the complete cryogenic system would be capable of 2.1-K operation.
The superconducting cavities in the SNS linac have the characteristic of being powered in a pulsed mode (1.3-msec pulses at 60 pulses per second), which is unique among superconducting accelerators now in routine operation. At first, the pulsed operation simply decreases the average dynamic heat load on the cryogenic system, but it was also known that, for sufficiently short pulses, the maximum operating gradients of a superconducting cavity are not necessarily achieved in liquid helium, much less in superfluid helium [4] .
As the testing of the superconducting cavities progressed, it became apparent that the gradients that could be achieved at 4.2 K not only met the original design values required for SNS operation, but also exceeded them in a significant number of cavities [5] . Once the subatmospheric part of the cryogenic plant became operational, additional tests of the maximum achievable gradients in the superconducting cavities clearly indicated that the limiting factors in the cavities were marginally, if at all, related to the operating temperature [6] .
At the initially limited beam power required by the SNS commissioning plan, the RF repetition rate was limited to 10 pulses per second and beam operations became possible even with the cavities being operated at 4.2 K. This result is unprecedented in the history of commissioning and operation of superconducting RF accelerators.
The experimental results stimulated us to evaluate the details of the pulsed operation of the SNS Superconducting Linac (SCL), in order to establish operating parameters and criteria which would help to make the best use of the available equipment during normal operation, as well as guaranteeing a minimal performance of the machine under off-normal circumstances; for instance, during a failure of the subatmospheric cryogenic system. In this paper we review the operating conditions of the SNS SCL, we evaluate the interplay of the cavity parameters, and we give details on the possible range of operating parameters which can be achieved at SNS in pulsed conditions, with and without consideration of efficiency. In fact, given the design of the cryogenic plant, the highest overall efficiency is not necessarily achieved when the nominally optimal thermodynamic conditions are reached. Since the cryogenic plant has to run at a fixed load no matter what the actual static and dynamic loads from the cryomodules, a more efficient use of the plant is in fact at temperatures different from the designed ones.
Besides giving optimal conditions for SNS, we analyze and evaluate possible optimal parameters of pulsed superconducting cavities operated at other frequencies under similar parameters to those of SNS.
II. SNS CAVITY
The SNS cavities were designed mainly to keep the peak RF surface fields below certain values, along with other concerns such as Lorentz force detuning and cell-to-cell coupling, etc. Table I summarizes the major parameters of the SNS superconducting radio-frequency (SRF) cavities. Under nominal operating conditions, the maximum surface magnetic field is about 58 and 75 mT for the medium and high beta cavities, respectively, as shown in Fig. 1 .
These values are much lower than the established limiting fields for niobium at the nominal operating temperature, which implies, in principle, an ample margin of operation and/or a possibility of operation even at temperatures higher than 2.1 K. Presently, the highest maximum field observed in a SNS cavity is well over 130 mT in a medium beta cavity, at both 4.2 and 2.1 K.
III. THERMAL STABILITY

A. Relations between physical parameters
Relations of physical parameters for the thermal stability are shown in Fig. 2 . Bulk thermal behaviors of SRF cavities can be expressed in terms of thermomagnetic bulk material properties such as residual resistivity ratio RRR, thermal conductivity k, specific heat C p , heat transfer coefficient to helium h k , and RF surface resistance R s at given conditions (for example, an operating frequency, a bath temperature of helium, surface magnetic fields, a thickness of niobium, etc.). In pulsed operation, time scales to build thermal stability and to cool down lengths in gaps are also a factor in connection with the repetition rate and pulse length.
In the following calculations, we neglect material defects since most cavities made of high RRR niobium are no longer affected by large defect dissipation, and we ignore electron loadings and the resulting heating. Whereas most cavities at SNS are affected and possibly limited by field emission-induced heating, it is difficult to apply uniform assumptions to all the cavities; while quenching patterns can be simulated by assuming a location, a field-emission induced heating power, etc. However, one can always find an operating gradient for which field emission does not constitute a limitation.
Thus the thermal loads in this study are RF surface dissipations that are given by P 1 2 R S H 2 , where P is the power dissipation per unit area in W=m 2 on the inner surface of a cavity, R s is the RF surface resistance in , and H is the surface magnetic field strength on the inner surface of a cavity in A=m. The RF surface resistance is known to be originated from different mechanisms; BCS resistance, residual resistance, resistance due to trapped magnetic flux, resistance enhancement at around grain boundary, etc. Figure 3 shows the surface resistances from BCS and residual contributions at 805 MHz and, for comparison, at 1300 MHz where 10 n of residual resistance is assumed. The assumed residual resistance is included mainly for calculations at lower temperatures (T < 2:5 K) where the BCS and residual resistances are comparable. Other factors could be included in the assumed residual resistance or, if not, are neglected in the following study [7] .
The BCS resistance is a highly nonlinear and strongly dependent material property. Figure 4 shows BCS surface dissipations per unit area for cavities operated at various surface magnetic fields at 805 MHz (SNS) and 1300 MHz (TESLA). The RF surface magnetic fields of 100, 130, and 170 mT, shown in Fig. 4 , correspond to 21, 27.5, and 36 MV=m for the SNS high beta cavity and 23, 30, and 40 MV=m for the TESLA baseline cavity, respectively.
Thermal conductivities are known to have an approximate relation with RRR's, which is k RRR=4 in W=m=K at 4.2 K. Using this relationship could give misleading results when applied to other temperature regions in specific cases. Thermal conductivity k versus temperature data for various RRR's in ductions are quite mature. RRR5 is taken for the following analysis.
The specific heat is a purely thermodynamic property and the dependency on the quality of the raw material is almost negligible. In the following analysis, the specific heat of niobium as shown in Fig. 6 is used [11] .
The power dissipated on the inner surface of a cavity is transferred to the helium that is in contact with the outer surface of a cavity. When heat is conducted from a solid into liquid helium, a thermal boundary resistance occurs across the interface and consequently there exists a temperature difference T between helium bath temperature T b , and outer surface temperature T s . The heat transfer shows dependencies on the phase of helium along with many other factors such as surface conditions. When using the helium phase-II, it is known to have the following relation [12] for T < 1 K:
where q is the heat flux across interface in W=m 2 , and C K is the Kapitza conductance in W=m 2 =K. The most widely used fit of the Kapitza conductance for SRF cavities made of niobium proposed in [13] 
The heat transfer to helium phase-I in the nucleate boiling regime, which has more concerns in this paper, has the general form,
where C and d are constants. The heat transfer data in this regime show a wide spread [12, 14, 15] . In this study the constants C and d in Eq. (2) are chosen to have reasonable agreement with experimental data [12] to avoid too conservative analysis, since these play deterministic roles for thermal stability. Another stability condition one should take into account is the maximum nucleate boiling flux where film boiling starts, which is known to be about 1 W=cm 2 . It is, however, reported that the maximum nucleate boiling flux reduces substantially down to 0:2 W=cm 2 when a surface faces downward [15] . Experimental results also indicate that the nucleate boiling is limited at 0:2 W=cm 2 heat fluxes [16] . In this study, 0:2 W=cm 2 is set as the stability criterion, which would be a primary limiting factor, especially in CW operation. Figure 7 shows heat transfer data for helium phase-I used in this study together with that for helium phase-II shown for comparison.
The computational algorithm in this paper is the same as the structure in Fig. 2 , which was developed for the analysis of thermal stabilities of SRF cavities in general purposes [17] . Calculations utilize many merits of wellexplained features of the commercial FEM code (ANSYS) incorporated with particularly developed interfacial programs for steep jumps in material properties, RF surface dissipations in both superconducting and normal states, film boiling condition at the interface between niobium and helium, and RF field conversion to thermal loads. Again, this study is not intended to find absolute numbers in any extreme condition, but to have parameter dependencies of magnetothermal stability on cavity wall thicknesses, helium temperature, RF surface magnetic fields, operating frequencies, pulse lengths, RF duty factors, etc.
B. Comparisons of thermal stability between CW and pulsed operations
In CW operation a SRF cavity should reach a stable condition where the heat removal is the same as the RF surface dissipation while keeping, of course, the superconducting state. As can be anticipated from the relations in Fig. 2 , especially from the BCS losses (Fig. 4) and the heat transfer at the helium interface (Fig. 7) , the intrinsic thermal limitation would come from heat removal to helium in defect-free surfaces. In pulsed operation thermal equilibrium is not necessarily required for stability. This fact implies that a partial quench could be allowable when cavity fields are maintained as required, even though it is not desirable. Figure 8 shows comparisons between CW and pulsed operation where an RF surface field of 130 mT at 805 MHz is applied to 4-mm thick niobium having RRR5, as shown in Fig. 5 . The helium bath temperature is set to 4.2 K. Both temperature and heat flux reach a steady state at around 20 ms after RF is applied. The heat flux to helium is about 0:16 W=cm 2 which guarantees the nucleate boiling heat transfer. The differences between inner surface temperature T i and outer surface temperature T s mainly arise from the thermal resistances of niobium; thermal conductivity and wall thickness. In pulsed operation, however, pulse length is usually shorter than the time needed to reach a steady state, so that the temperature increments which determine RF surface dissipation and heat flux to helium during a pulse are less than those in CW operation. Heat removal to helium is mainly made during a gap. In this example RF pulse length is set to 2 ms.
A thermally unstable case in CW operation could be stable in pulsed operation as clearly seen in Figs. 9 and 10, where surface fields at 805 MHz are applied to 4-mm thick niobium having the RRR5 shown in Fig. 5 . The helium bath temperature is set to 4.2 K. In Fig. 9 the heat flux at 150 mT reaches the film boiling regime beyond which heat transfer is supposed to be drastically decreased and eventually a cavity quenches. In this example, the RF side coincidently reaches the temperature where 150 mT is about the critical field. For higher operating frequencies, it is clearly seen that heat flux reaches the film boiling regime much below the critical field. Figure 10 shows the pulsed operation under the same conditions as in Fig. 9 and indicates stable operation up to the critical field at the surface temperature on the RF side. Another factor to be addressed is the thermal impedance of the solid itself that is characterized by the thermal conductivity and the thickness of niobium. In addition, the specific heat plays an important role in pulsed operation. These effects are shown in the following examples, though variations of thermal parameters either in CW or pulsed operations are interacting with all mechanisms that determine the thermal stability depicted in Fig. 2 . Figure 11 plots RF power dissipation and heat flux to helium for various wall thicknesses having the same thermal conductivity (RRR5 in Fig. 5 ) in CW operation including transient periods. Because of higher thermal impedance, the thicker wall cases reach a thermal equilibrium at a higher inner surface temperature. This results in higher RF power dissipation and also higher thermal flux to helium. In CW operation, a thinner wall is better as long as mechanical concerns are allowable. The very beginning of the transient region in Fig. 11 , where heat removal to helium has less contribution, shows a different aspect. In this region, utilization of niobium cold mass dominates, which is usually faster than heat removal to helium up to a certain point. This is, of course, why the slopes of RF power dissipation and accordingly the temperature increment on the inner surface are less for thicker walls. Figures 12 and 13 show the heat flux and temperature increment on both sides of (Fig. 9 ). Temperatures in parentheses are peak values. T b is the helium bath temperature, T i is the niobium surface temperature at the RF side, and T s is the niobium surface temperature at the helium side. the wall. Peak temperatures and heat fluxes to helium are higher for thinner walls and thinner walls have a faster recovery during a gap.
When choosing a pulse length and a repetition rate at a given frequency, there is an optimum thickness in terms of thermal stability. For example, a 4 -5 mm wall thickness would be optimum in SNS or similar machine that has 2 ms or shorter pulse length and 5%-10% RF duty. Figure 14 shows thermal parameters when 150 mT is applied to 4-mm thick niobium running at 1.5-ms pulse length and 60 Hz, which indicates there is no BCS limitation up to the critical field at this temperature.
As discussed above, CW and pulsed operation have different limiting conditions. In this study, operating parameter space parameters such as frequency, helium bath temperature, RF surface field, niobium wall thickness, pulse length, duty, etc. are scanned to find limiting factors and optimal conditions for both CW and pulsed operations.
IV. OPTIMIZATION A. SNS SCL with the existing cryoplant
The limiting conditions of CW operation at 805 MHz are plotted in Figs. 15 and 16 . The critical curves of niobium are taken from [18] . The first limiting factor in most cases is the heat flux transition from the nucleate boiling regime to the film boiling regime. Dynamic analyses with the SNS pulse length and duty factor discussed in the previous section show that there are no BCS limitations up to the critical field when the operating temperature is less than 4.5 K. The peak heat flux is less than 0:1 W=cm 2 up to the critical field, which is well below the heat flux limitation even if the same limiting criterion as that for CW operation is applied. That explains the experimental results of the SNS SRF cavities. The best performance of the SNS cavities reached the maximum surface field close to 140 mT. This is higher than the CW limitation shown in Fig. 15 . When a certain amount of field tilt ( 10%) is assumed, this value would be very close to the critical field. Consequently, both experimental and analysis results indicate no difference in operation of the SNS SCL between 2.1 and 4.2 K in terms of thermal stability. Next is the concern of efficiency in operation, which is simplified since limiting fields at the SNS operating condition do not need to be considered at any point up to that of the critical field. The SNS cryoplant was, however, designed for 2.1-K operation, which results in lower efficiency at 4.2-K operation. The conversion factors of the total efficiency from the cryogenic loads to room temperature electricity are about 1200 at 2 K and 450 at 4.2 K [19] . Figure 17 is a comparison of operating costs at 2.1 and 4.2 K of the SNS SCL with the existing SNS cryoplant. The static loss of the medium beta cryomodule is about 20 W and that of the high beta cryomodule is about 30 W per cryomodule. Also additional dynamic losses are added for field emission, couplers, etc. Even though the SNS cryoplant is designed for 2.1 K, operation at 4.2 K is efficient when a duty factor is lower as can be seen in Fig. 17 . Lower-temperature operation has more merit at a higher duty factor.
B. SNS-like machine with a cryoplant to be designed
As mentioned in the previous section, there is no BCS limitation at 805 MHz or lower frequencies in pulsed operations having the SNS pulse structure or similar up to the critical field and up to 4.5 K helium bath temperature. An accelerating gradient and a general layout have a strong impact on the optimization. This factor should, however, be considered in connection with an entire machine where specific machine-dependent parameters play an important role. This factor is not considered in this paper since fair and uniform comparisons of machines are difficult. The following is only a comparison of operating cost on the basis of the SNS SCL parameters and experiences, and assumes a cryoplant to be designed. Figure 18 shows the total cryogenic loads of the SNS SCL with the same amount of additional dynamic losses as for the plots in Fig. 17 . The total cryogenic efficiency is assumed to have the relations in Fig. 19 , which is scaled from cryogenic loads and temperatures in Fig. 18 . But the total cryogenic efficiency depends on many other parameters and shows a wide spread, so an iterative feedback analysis may be needed in designing actual cryoplants. Relative comparisons of operating costs are estimated from these assumptions and plotted in Fig. 20 . As the RF duty factor increases, the optimum operating temperature decreases. The optimum temperature at 8% duty factor is estimated to be 3 K. The capital cost is not directly included here and cost considerations would likely push the optimum temperature a bit higher. For static losses the SNS values are assumed, but cryostats with lower static losses than SNS will again decrease the optimum temperature.
V. DISCUSSIONS ON OTHER FREQUENCIES
Analyses are expanded to some other frequencies since the frequency dependency is one of the major factors in determining thermal stability, as shown in Fig. 4 . Limitations in CW operation are compared in Fig. 21 . Each frequency has three lines that correspond to wall thicknesses; the top one to 3-mm thick, the middle one to 4-mm thick, and the bottom one to 5-mm thick. As explained previously, the thicker walls have less thermal stability in CW operation. In most cases, cavities are first tested in the vertical test assembly in CW operation. Figure 21 indicates that the achievable field drastically decreases as the operating temperature increases, especially at higher frequencies. For example, about 20 MV=m is the maximum achievable accelerating gradient in a 1300 MHz, TESLA-type cavity when it is operated at 4.2 K in CW. Figure 21 also shows that the 700 MHz or less frequency region has no BCS limitation up to a critical field at 4.2 K, even in CW operation.
Gains of thermal stability in pulsed operations at higher frequencies are more clearly seen than in 805 MHz cases shown in previous sections. Figure 22 plots the limitations of operation for 1300 MHz and Fig. 23 those for 1000 MHz. In pulsed operation a partial quench would be allowable as long as the cavity accelerating field is not affected and cavities could be kept in a superconducting state for a certain amount of time after heat flux exceeds this criterion. The same criterion for CW stability is, however, applied to pulsed operation; when the heat flux to helium reaches 0:2 W=cm 2 , the system is assumed to be unstable. The thickness of niobium plays an important role. It does not mean that the thicker one is always better, since the optimum thickness for thermal stability is related to pulse length and duty factor. For the frequencies, pulse lengths, and duty factors discussed in this paper, the best advantage would be given with a thickness of 4 -5 mm.
The next step would be a cost optimization for pulsed operations. It is difficult to find general sets of optimized cost parameters, since many factors are machine specific. For example, the ratio between static and dynamic losses is very important for optimization when a duty factor is small. The static loss is determined by cryostat design, cryogenic layout, etc., and the dynamic loss depends on duty factor, frequency, and the operating field that is related to machine length, construction cost, cryogenic loads at a specific operating temperature, etc. Relative comparisons are possible. A higher-temperature operation is relatively beneficial with higher contributions from static loss, lower accelerating gradient, lower duty factor, and lower frequency. It would be interesting to postulate a frequency range of about 1000 MHz for the 1 low loss structure with a very low duty factor, since there is no BCS limitation up to the critical field in pulsed operation and a low loss structure could be designed to have 35 MV=m accelerating gradient with a margin even at 4.2 K.
VI. CONCLUSIONS
The thermal stabilities of pulsed operation are explored in the parameter space of operating temperature, surface field, frequency, niobium thickness, pulse length, and duty factor and are compared with those of CW operation. The transient nature of pulsed operation allows larger variation of temperatures within the niobium surface, so that during the pulse the surface resistance of the material can change substantially.
The operating conditions of the SNS SRF cavities were reviewed and cavity parameters and their interplay were reevaluated, giving details on the possible range of oper- ating parameters which can be achieved at SNS in pulsed conditions. Though the nominal operating gradients of the SNS SRF cavities are relatively low, the cavities can be operated at 4.2 K up to the critical field, due mainly to the pulsed nature of the SNS operation and the relatively low operating frequency. Suggestions for optimization are given for the SNS SCL operation and for the design of future SNS-like machines. At low duty factor operation of the SNS SCL, 4.2-K operation results in a lower operating cost, even with the SNS cryoplant that is not optimized for operation at 4.2 K.
Similar studies for other frequencies are made. Limiting conditions are estimated in both CW and pulsed operations, which we hope would assist in evaluating optimal operating parameters of superconducting cavities at other frequencies.
